We have observed unexpected multiple transformations of polymer chains close to the liquidliquid critical point of a binary solvent. The exceptionally close refractive indices of the solvent components, nitroethane and isooctane, make the critical opalescence relatively weak, thus enabling us to simultaneously observe the Brownian motion of the polymer coils and the diverging correlation length of the critical fluctuations by dynamic light-scattering. The polymer coils exhibit a sequence of collapse-reswelling-expansion-reshrinking transitions upon approaching the critical temperature in the macroscopically homogeneous one-phase region. While the initial collapse can be qualitatively explained by the theory of Brochard and de Gennes, which predicts a negative contribution to the excluded volume because of the growing correlation length, the subsequent expansion-reshrinking is a new phenomenon that has not been observed so far. We believe that this effect is generic and attribute it to micro-phase separation inside the polymer coils. We hypothesize that the formation of a poor-solvent droplet inside the coil may generate fluctuation-induced critical Casimir forces between the inside-coil polymer-poor droplet and the surrounding polymer-rich layer.
I. INTRODUCTION
The structure and behavior of linear-polymer macromolecules in solution depend on interactions between the monomers and solvent molecules. Many decades ago Flory 1 explained that when a polymer dissolves in a pure solvent, the structure of the polymer chain depends on the quality of the solvent. In a good solvent, the polymer chain swells because of the repulsive interaction among monomers and the chain segments exhibit self-avoiding walks. In a poor solvent, the polymer chain collapses into a globule since the monomer interaction is attractive. In a theta solvent, the attractive forces compensate repulsive forces and the segments exhibit random walks 2 . Such behavior of polymer chains has been observed in numerous experiments that have confirmed the Flory theory (see review 3 , more recent work 4 , and corresponding Refs. therein).
When a polymer dissolves in a binary solvent, the conformations of polymer chains become more complicated. The dimension of polymer chains can also be influenced by unfavorable interactions between the solvent components (positive non-ideality of the binary solvent) and by possible preferential adsorption of one of the solvent components onto the polymer chain. The theory of the effects of unfavorable interactions between the solvent components was initially proposed and experimentally confirmed by Shultz and Flory 5 , and further investigated by Noel et al. 6 . The theory predicts an expana) Electronic mail: anisimov@umd.edu sion of the polymer chains when the two solvent components mix together with a significant degree of positive non-ideality. On the other hand, preferential adsorption causes contraction of polymer chains [7] [8] [9] . This has been confirmed experimentally for numerous aqueous alcohol solutions 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and by computer simulations 16, [23] [24] [25] . Another important development in polymer physics was the work of Brochard and de Gennes 26 who pointed out that critical fluctuations could play an important role in the conformation of polymer chains near the critical point of demixing of a binary liquid solvent. In particular, Brochard and de Gennes predicted a collapse and subsequent reswelling to the original size of polymer chains in the one-phase critical region, due to coupling between the critical fluctuations and preferential adsorption of the better solvent component. This prediction has been tested by computer simulations 23, [27] [28] [29] [30] [31] and in experimental studies [32] [33] [34] [35] . Magda et al. 23 made Monte-Carlo simulations for a near-critical cubic lattice Ising mixture with diluted polymer chains executing self-avoiding walks on the same lattice. They qualitatively confirmed the existence of the collapse-reswelling effect predicted by Brochard and de Gennes. Luna-Bárcenas et al. 27 simulated Lennard-Jones polymer chains in a Lennard-Jones liquid mixture with a lower critical solution temperature: only collapse, but no re-swelling, was observed in the one-phase region. Sumi et al. 28, 30 investigated a single polymer chain using an effective Hamiltonian in a supercritical fluid at constant temperature. Expansion of the polymer chain was found both in a one-component supercritical solvent as a function of density near the vapor-liquid critical point 28, 29 and in a binary solvent as a function of concentration arXiv:1812.11312v3 [cond-mat.soft] 12 Mar 2019 near the liquid-liquid critical point 30 . In subsequent work 31 , Sumi et al. attributed the observed expansion to critical Casimir forces; however, no explanation of this statement was provided.
To make the story of fluctuation-induced transformations of a polymer chain more complete, it is worth mentioning a theoretical prediction of a coil-globule transition driven by giant Casimir non-equilibrium forces resulting from hydrodynamic fluctuations when a temperature gradient is applied to a polymer solution 36 . There are only a few experimental studies of polymerchain behavior in the critical region. To and Choi
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have reported a dynamic light-scattering study of polyacrylic acid near the lower critical solution temperature in water+2,6 lutidine. Collapse of the polymer chains was observed when the system approaches the critical temperature. However, in a solution of a highmolecular weight polymer, the interpretation of dynamic light-scattering data is complicated by a possible coupling of the two hydrodynamic modes, one being diffusive and another one being viscoelastic 37 . Using fluorescence spectroscopy Morita et al. 33 observed a collapse, but no reswelling, of poly N-isopropylacrylamide in the binary solvent cyclohexane+methanol in the critical region. Subsequently, two other groups of researchers using fluorescence correlation spectroscopy 34 and smallangle neutron scattering 35 were able to get more accurate information in the critical region. Grabowski and Mukhopadhyay 34 measured the hydrodynamic radius of polyacrylic acid in water+2,6-lutidine. He et al. 35 measured the radius of gyration of poly(ethylene oxide) in the critical region of water+deuterated acetonitrile. Both a collapse and a re-swelling of the polymer chains were clearly detected. Moreover, both of these works, in addition to the collapse and reswelling, predicted by the theory of Brochard and de Gennes, showed a trend to continuing expansion of the chains when the solution was getting closer to the critical temperature. The authors did not emphasize this expansion effect, even though, it was also observed in the simulations of Sumi et al. 30 . In this paper, we present the results of a systematic light-scattering study of the behavior of dilute polymer chains (polystyrene and poly-butyl methacrylate) of various molecular weights in the critical region of a binary solvent (nitroethane+isooctane). The exceptionally close refractive indices of the solvent components make the critical opalescence relatively weak, so that we have been able for the first time to simultaneously observe the Brownian motion of the polymer coils and the diverging correlation length of the critical fluctuations very close to the critical temperature. We have found that the polymer coils exhibit a sequence of collapse-reswellingexpansion-reshrinking transitions upon approaching the critical temperature in the macroscopically homogeneous one-phase region. While the initial collapse can be qualitatively explained by the theory of Brochard and de Gennes, which predicts a negative contribution to the excluded volume because of the growing susceptibility, the subsequent expansion-contraction transition is a new phenomenon that has not been observed so far. We submit that this phenomenon is generic and attribute it to micro-phase separation inside the polymer coils.
We also hypothesize that the formation of a poor-solvent droplet inside the coil in the one-phase region may generate fluctuation-induced repulsive critical Casimir forces between the inside-coil polymer-poor droplet and the surrounding polymer-rich layer. A summary of our experimental results has been announced in a recent physical review letter 38 . In this paper we present a complete account of our study.
II. EXPERIMENTAL SECTION

A. Suppression of critical opalescence
The experimental observation of transformations of a polymer chain in the critical region by light scattering is challenging because of the strong critical opalescence and the high-accuracy requirement for temperature control. In this work, a special mixed solvent, nitroethane+isooctane, was used to study the transformation of the polymer chains. The refractive-index difference of nitroethane and isooctane is exceptionally small (∼ 0.002), which makes the critical opalescence of the solution detectable only very close to the critical point 39, 40 . Thus, the Brownian motion of polymer chains and the correlation length of the critical fluctuations can be simultaneously measured close to the critical temperature.
B. Materials
Eight systems were investigated. Three polystyrene samples, polystyrene 25,000 g mol −1 with M w /M n =1.06 (PS-25), polystyrene 50,000 g mol −1 with M w /M n =1.06 (PS-50), and polystyrene 123,000 g mol
with M w /M n =1.08 (PS-123) were supplied by Alfa-Aesar. Poly (butyl methacrylate) 180,000 g mol
with M w /M n =1.12 (PBMA-180) was supplied by Scientific Polymer. The purity of nitroethane and isooctane used in this study is 99.5%; the solvents were supplied by Alfa-Aesar. The nitroethane+isooctane mixture was prepared at the critical concentration, namely 53.5 % (mass) of isooctane 40 . The critical temperature before the addition of polymer was found to be 30.60 ± 0.05 • C. After the polymer was dissolved in the solvent mixture, the solutions were filtered through Millipore 20 nm filters at a temperature about 5
• C higher than the critical temperature of the solution. Several polymer concentrations were studied: the pure mixed solvent, PS-25 at 0.05% and 0.1%, PS-50 at 0.025%, 0.05%, and 0.1%, PS-123 at 0.01%, and PBMA-180 at 0.04 % (mass).
C. Experimental technique and data analysis
To measure the size of the polymer coils and of the correlation length of the critical fluctuations, we used a dynamic light-scattering (DLS) technique in the homodyne regime 41, 42 . A detailed description of the method and instruments has been presented in Refs. [43] [44] [45] [46] . The scattering angle θ in all measurements was 20
• . A precise temperature stabilization system was used: the uncertainty of the temperature after reaching thermodynamic equilibrium (about two hours for each temperature) was maintained within 0.005
• C. The DLS method enables one to obtain the autocorrelation function of the light-scattering intensity, g 2 (t) = I(0)I(t) (with I representing the intensity and t the delay time), which contains information on the relaxation processes in the system 41, 42 . If the system has two independent exponential relaxation modes (one associated with the Brownian motion of polymer coils and another one with the diffusive relaxation of concentration fluctuations), g 2 (t) can be represented by a double-exponential function 41, 42 
where Γ 1 is the decay rate of the Brownian diffusion of polymer coils, and Γ 2 is the decay rate of the diffusive relaxation of the critical fluctuations. The hydrodynamic radius of the polymer coils, R h was calculated from the Stokes-Einstein relation
where k B , T, η and q are the Boltzmann constant, the temperature, the shear viscosity of the solvent, and the wavenumber of the scattered light, respectively. The wavenumber q is related to the scattering angle θ by:
where λ is the wavelength of the incident light in vacuum, and n is the refractive index of the liquid. The correlation length ξ of the critical fluctuations is calculated from the mode-coupling equation (see Refs. 42 and 43):
where the function K(qξ) is the universal Kawasaki function, which reads:
. (5) The viscosity and the refractive indices of the mixed solvent were adopted from Refs. 40 and 47, the refractive indices of nitroethane and isooctane were taken from Refs. 48 and 49. When the temperature is very close to the critical temperature, we are still able to clearly distinguish between the Brownian diffusion of the polymer coils and the diffusive relaxation of the critical fluctuations. As an example we show in Fig. 1 the autocorrelation function g 2 (t) obtained very close to the critical temperature (∆T = 0.04
We have found, both for the pure solvent and for the polymer solutions, that the correlation length of the asymptotic critical fluctuations satisfies the critical power law
with the universal critical exponent value ν=0.63, in agreement with the behavior found by Garrabos et al.
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for the pure solvent and with the theory of critical phenomena 50, 51 . When the correlation length of the critical fluctuations becomes of the same order of magnitude as that of the hydrodynamic radius of the polymer coils farther away from the critical temperature, the correlation length ξ and the hydrodynamic radius R h can no longer be obtained independently from the experimental g 2 (t) very accurately. However, from the experiments of Garrabos et al. we know that Eq. (6) remains valid for the pure solvent at these temperatures. Hence, we have assumed that Eq. (6) with amplitude ξ 0 determined from the data closer to the critical temperature remains valid for the polymer solutions at the relevant temperatures as well. Since the DLS signal associated with the decay of the critical fluctuations in this region is usually smaller than the signal from the polymer chains, the inclusion of the second decay does not qualitatively change the results, but it does noticeably reduce the experimental uncertainties. Figure 2 shows an example of the correlation function and the decay-time distribution of the critical fluctuations and the polymer chains at ∆T =0.15
• C using the analysis procedure described above. When the temperature is far away from the critical temperature, the contribution of the critical fluctuations to the DLS correlation function becomes extremely weak and has no influence on the analysis of the Brownian diffusion of the polymer chains. Figure 3 shows the correlation function and the single-decay time (attributed to the diffusion of polymer chains) for PS-123 at 0.01 % (mass) when ∆T =5
• C (T =35.8
• C).
III. EXPERIMENTAL RESULTS
A. Effects of the addition of polymer on the critical temperature
The binary mixture nitroethane+isooctane has an upper critical solution temperature 39, 40 and addition of polymer extends the two-phase region increasing the critical temperature. Addition of polymer also changes the critical concentration, but we may neglect this change since it is a second-order effect. The reason is that the dependence of the liquid-liquid coexistence curve on the concentration x of one of the two solvent components is described by an asymptotic power law T − T c ∝ (x − x c ) 1/β with the universal critical exponent β = 0.326. 50, 51 The small value of this critical exponent means the coexistence curve is very flat, so that a 1% change in the concentration corresponds to a negligible change (∼ 3 × 10 −4 • C) in the temperature. The critical temperature was determined as the temperature at which the correlation length appears to diverge. The critical temperature of the polymer solutions as a function of polymer concentration is shown in Fig. 4 (a) . We see that the critical temperature follows a linear relationship with the polymer concentration in the range covered by our experiments, while an increase of the polymer molecular weight increases the slope. When the difference between the critical temperature T c of the polymer solutions and the critical temperature T 0 c of the pure solvent is divided by the degree of polymerization N, we find a linear dependence of this scaled temperature difference on the polymer concentration, as shown in Fig. 4 (b) . We surmise that this scaling may be caused by the proportionality between the number of monomers in the polymer coil and the polymer-solvent interaction energy. The diverging correlation length of the critical fluctuations as a function of temperature is shown in Fig. 5 . We see from Fig. 5 (b) that the correlation length does satisfy the critical power law given by Eq. (6) with the universal critical exponent ν=0.63, consistent with the static lightscattering measurements of Garrabos et al. 47 for the pure binary solvent. The amplitude ξ 0 is a coefficient of the order of a molecular size 50 , whose actual value depends on the polymer concentration. In the study of To and Choi of a high-molecular-weight polymer solution, the correlation length of the critical fluctuations is smaller than the size of the polymer coils in the entire temperature range investigated. In this case, we believe, they have actually observed a phenomenon known as avoided crossing of the two hydrodynamic modes affecting the interpretation of the observations 37, 52 . As can be seen from Fig. 5 (b) , we have found that the correlation length of our polymer solutions continues to satisfy the universal critical power law, as it does for the pure binary solvent.
As shown in Fig. 6 , addition of the polymer to the solvent enhances the magnitude of the amplitude ξ 0 of the correlation length significantly. For the PS-50 solutions, the amplitude increases from 0.207 nm (pure sol- vent) to 0.345 nm (0.1 %), which means that the amplitude is enhanced by more than 50 %. For the PS-123 solutions the correlation-length amplitude increases even more dramatically with the polymer concentration. The correlation-length amplitude for the PBMA solutions is between those for the PS-50 and PS-123 solutions. Moreover, as shown in Fig. 6 (b) , the amplitude obtained for all polystyrene solutions follow a universal behavior when the concentration is rescaled as cN 2 . We note that the observed correlation between the amplitude of the correlation length and degree of polymerization is unrelated to the well-known de Gennes' scaling for critical amplitudes in in demixing high-molecularweight polymer solutions near the theta point 2 , which was confirmed by accurate light-scattering studies 53 .
C. Transformation of polymer chains
The experimental values obtained for the hydrodynamic radius R h of all four types of polymer solutions investigated are shown in Fig. 7 as a function of the temperature distance T − T c from the critical point. All polymer solutions exhibit a similar collapse-reswellingexpansion-contraction transition upon approaching the critical temperature.
When the temperature is far away from the critical temperature, the correlation length is small, and the hydrodynamic radius of the polymer coils stays constant (for convenience, we shall designate the hydrodynamic radius far away from the critical temperature as the original hydrodynamic radius, R 0 h ). As also shown in Fig.  7 , the correlation length ξ of the critical fluctuations increases rapidly as the temperature approaches the critical temperature. When the size of the correlation length becomes comparable to the hydrodynamic radius, the polymer coils begin to collapse. The collapse continues until the correlation length ξ becomes about twice the size of the original hydrodynamic radius R 0 h of the polymer. The polymer coils then reswell upon a further decrease of the temperature. However, unlike the prediction of Brochard and de Gennes 26 that the polymer coils reswell to the original size at the critical temperature, the polymer coils continue to expand to a much larger size and and reach a maximum when the correlation length is about five times larger than the original hydrodynamic radius R 0 h of the polymer before reshrinking. To check the consistency and reliability of the experimental results, we measured the hydrodynamic radius of PS-123 in the solution both upon cooling and heating the sample. As shown in Fig. 7 (c) , the two runs yielded values well within the uncertainty of the measurements confirming the reproducibility of the observed polymer transformations. The temperatures at which the various transformations occur are related to the magnitude of the correlation length compared to the size of the polymers. The size of the PBMA-180 polymers is much larger than those of the polystyrene samples in the solution, so that in the case of the PMBA-180 solution the expanding continues till a temperature closer to the critical temperature and the reshrinking could not be observed within the resolution of our experiments. 
D. Molecular-weight scaling of coil dimensions
The hydrodynamic radius R h and the power-law exponent m in the scaling relation R h ∝ M m w for the increase of the hydrodynamic radius with increase of the molecular weight for the PS coils at different conditions are shown in Table I and in Fig. 8 . Isooctane cannot dissolve PS and is a typical poor solvent for PS, while it is relatively close to a theta-solvent for PBMA 54 . Nitroethane seems to be between a poor-solvent and a theta-solvent for both PS and PBMA. Nevertheless, PS in a mixed solvent is almost ideal and swells better than in the pure liquid components, which is attributed to the effect of co-solvency caused by unfavorable nitroethane-isooctane interactions 23 . Mixtures of polyethylene oxide with tertiary butanol and water away from the critical point also shows the same effect 22 .
For the collapsed PS chain, the exponent m is 0.39, i.e., close to 1/3, which means that the PS chain is more like a globule in this condition. The exponent m increases to 0.55 at the most-expanded state, which indicates that the PS chain swell very well in this condition. The exponent m increases significantly from m = 0.39 for the collapsed chain to m = 0.55 for the fully expanded chain.
Before discussing the experimental results, we should clarify the relationship between hydrodynamic radius and radius of gyration of polymer chains. For a linear polymer chain, the hydrodynamic radius is proportional to the radius of gyration 55 . The value of R g /R h ranges from 1.5 to 1.6 when the solvent changes from a good to a theta solvent. Nitroethane+isooctane is a better solvent than a theta solvent for polystyrene (see Fig. 8 ), so that R g /R h is between 1.5 and 1.6 for the polymers in nitroethane+isooctane. The experimental results show that the collapse begins when ξ ≈ R h ; it is expected that the collapse begins when ξ ≈ 0.6R g . This observation is in full agreement with the prediction of Brochard and de Gennes 26 .
IV. INTERPRETATION AND DISCUSSION
A. Scaled transformation of polymer chains
From Fig. 7 we see that all polymers exhibit a similar series of transformations, but the actual temperatures at which they occur depend on the size of the polymer coils. To investigate the dependence of these transformations on the size of the polymers, we rescaled the measured hydrodynamic radii and the correlation lengths, reducing them by the original (far from T c ) hydrodynamic radius, R 0 h . The result of such a rescaling, shown in Fig. 9 , demonstrates a significant degree of universality in the observed phenomenon. The polymer coils begin to collapse when ξ/R 0 h ≈ 1, reach a minimum size when ξ/R 0 h ≈ 2 and expand to a maximum size when this ratio is about 5. However, the magnitudes of the collapse and expansion remain dependent on the molecular weight and the nature of polymer. In particular, we notice that a minimum expansion of the polymer coil is not universal, changing from R max h /R 0 h ≈ 1.3 to 1.4. In the study of Grabowski et al. 34 this ratio was about 1.7, while He et al. 35 observed a much moderate effect, R max g /R 0 g ≈ 1.1. Most importantly, we have observed that the polymer coils shrink again when the correlation length becomes very large (ξ/R 0 h > 5). This contraction after the expansion was not observed in the works of Grabowski et al. 34 and of He et al. 35 , because the measurements were not performed sufficiently close to the critical temperature to make the ratio ξ/R 0 h large enough. In their work, the polymer coils are relatively large. In our experiments on the PBMA solution, this reshrinking is not observed either for the same reason: the correlation length has not become large enough in our experiment in comparison with the large PBMA coils.
B. Initial collapse: Brochard-de Gennes effect
The initial collapse of polymer coils can be explained in terms of the theory of Brochard and de Gennes 26 , while the following expansion-reshrinking transformation is a new unexpected phenomenon that requires a fresh look.
In a dilute solution, the dimensions of the polymer chains are governed by the excluded volume υ, proportional to the second virial coefficient in the Flory theory 1 . In a good solvent the excluded volume is positive and the chain is swollen, while in a poor solvent it is negative and the chain contracts. In a theta-solvent the excluded volume is zero and the chain is ideal. According to Brochard and de Gennes 26 , in the critical region of demixing, the better solvent component, because of the preferential adsorption, forms a cloud near the polymer segments (growing as the correlation length upon approaching the critical point). This cloud attracts the neighboring segments and the polymer chain collapses.
The effective excluded volume (in first approximation) reads
where υ is the excluded volume far away from the critical point, D is the strength of the preferential adsorption, and χ is the osmotic susceptibility. In the critical region the osmotic susceptibility χ varies with temperature approximately as (∆T /T c ) −2ν ∝ ξ 2 , where ∆T = T − T c for a solution with an upper critical point and where ∆T = T c −T for a solution with a lower critical point 50, 51 .
When the difference ∆T from the critical temperature decreases, the growing susceptibility χ makes the effective excluded volume smaller, so that the polymer coils begin to collapse. As the polymer coils collapse, the monomer concentration inside the polymer coils increases. The strength D of preferential adsorption is system dependent. A stronger preferential adsorption in the PBMA solution, relative to that in the PS solutions, can explain our finding that the amplitude of the collapse of PBMA is larger than that of PS. An essential feature of the theory of Brochard and de Gennes is the assumption that the polymer is well soluble in both mixture components. Then the critical temperature would decrease with increasing polymer concentration in the case of a solution with an upper critical temperature and would increase in the case of a solution with an upper critical temperature, thus in both cases shrinking the two-phase domain. However, the appearance of the demixing phenomenon in the solvent mixture indicates the presence of a significant difference in the molecular interactions of the mixture components, so that one component is usually a significantly better solvent for the polymer than the other one. Therefore, this assumption is not commonly valid. Indeed, in the systems investigated in Refs. 34 and 35 the two-phase liquidliquid domain increases with the addition of a polymer so that they do not satisfy the assumption of Brochard and de Gennes.
For the case considered by Brochard and de Gennes, the addition of polymer would cause the two-phase region to shrink. Since the monomer concentration increases as the polymer coil collapses, the temperature distance to the critical point inside the coil (T − T c or T c − T ) would then increase so that the susceptibility would decrease. Because the effective excluded volume increases as the susceptibility decreases, the polymer coils would reswell. However, our measurements of the critical temperature as a function of the polymer concentration have shown that the assumption of Brochard and de Gennes, namely, that addition of polymer causes the two-phase region to shrink, is not satisfied.
The first stage of the observed phenomenon (the collapsing of the chains) can indeed be explained qualitatively by the theory of Brochard and de Gennes, since the growing susceptibility χ does cause the excluded volume to decrease in accordance with Eq. (7). However, the reswelling and significant expansion of the polymer chains, well beyond their initial size, cannot be explained by this theory. We believe that the observed anomalous behavior is a consequence of the appearance of microphase separation inside the polymer coils, as the increase of the monomer concentration inside the polymer coils, resulting from the initial collapse, causes the critical temperature inside the coils to increase.
C. Micro-phase separation inside the polymer coil
As predicted by Brochard and de Gennes, the initial collapse of the polymer chains is due to a negative term in the excluded volume resulting from the increase of the susceptibility upon approaching the critical point in accordance with Eq. (7). This collapse causes an increase of the monomer concentration c in inside the coils, so that the critical temperature T c,in of the solution inside the coils becomes larger than the critical temperature T c of the bulk solution. In principle, the preferential adsorption will also increase the nitroethane concentration inside the coils by an amount δx, but due to the flatness of the coexistence curve its effect on the critical temperature is much smaller than that from the increase of the polymer concentration. Hence, T − T c,in (inside the polymer coils) becomes smaller than T − T c of the bulk solution, which causes micro-phase separation inside the coils and a transformation of the polymer chains that is different from the collapse-reswelling transformation predicted by Brochard and de Gennes. The physical phenomenon is illustrated in Fig. 10 which shows schematically the observed hydrodynamic radius R h (earlier shown in Fig. 7 or in terms of rescaled variables in Fig. 8) , together with the concentration difference c in − c and the temperature difference T − T c,in inside the coil as a function of T − T c . After the polymer coil initially starts to collapse as a consequence of Eq. (7), the monomer concentration inside the coil increases. When the solution inside the coil reaches the critical temperature, the monomer concentration reaches its maximum value. It means that when the bulk solution is still in the homogeneous one-phase region, the solution inside the coil has already reached the critical temperature. As the temperature T approaches the critical temperature T c,in , the growth of the susceptibility inside the coil will saturate because of finite-size effect:
h .
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Upon further decrease of the temperature, the system inside the coil will enter the two-phase region, so that micro-phase separation will occur inside the coil: one micro-phase enriched with nitroethane (good solvent) and the other micro-phase enriched with isooctane (poor solvent). When the solution inside the coil is in the two-phase region, a droplet enriched with isooctane is forming inside the coil, a critical Casimir force may be generated and the coil is pushed to expand, this phenomena will be discussed below. Upon further decrease of the temperature and continuing expansion of the coil, the monomer concentration gradually returns to that in an undisturbed polymer chain. As a result, T c,in returns to T c , the two-phase region become one-phase region again and the the coil reshrinks towards its original size eventually. This phenomenon of micro-phase separation inside a polymer coil is schematically illustrated in Fig. 11 .
D. Expansion of polymer coils due to critical Casimir forces
As indicated in the previous section, the reswelling and expansion of the polymer coil well beyond its original size occurs when the system inside the polymer coils enters a two-phase region. An interesting question is: what is the mechanism that drives this expansion when the system inside the coil is in the two-phase region while the bulk solution is still in the homogeneous phase? While a coherent theory of this new phenomenon is yet to be developed, it may possibly be caused by critical Casimir forces.
When two macroscopic bodies are immersed in a critical fluid, an effective force between the bodies, a socalled critical Casimir force, is generated by the confined critical fluctuations of the order parameter [58] [59] [60] . Critical Casimir forces can be attractive or repulsive depending on the boundary conditions [58] [59] [60] [61] [62] [63] , attractive for a symmetric system (both bodies are equally solvophilic or solvophobic), repulsive for an asymmetric system (one body is solvophilic, while another one is solvophobic). Critical Casimir forces can be responsible for aggregation in colloid solutions [64] [65] [66] [67] [68] and for attractive and repulsive forces between a colloid particle and a wall 60, 62, [69] [70] [71] [72] [73] [74] . When a critical fluid is confined between two parallel plates with an area A and separated by a distance L, the fluid will exert a Casimir force F on the plates, given by [58] [59] [60] 
where Θ(L/ξ) is a finite-size scaling function. Equation (8) is valid when ξ 0 L ≤ ξ. One commonly defines a universal Casimir amplitude Θ =lim y→0 Θ(y), whose sign and magnitude, however, depends on the boundary conditions. For the three-dimensional Ising universality class with asymmetric boundary conditions (+−) the experimental value is 75 Θ +− = +6 ± 2 in agreement with theoretical estimates 76, 77 . For L ≈ R h , which is an order of magnitude larger than ξ 0 , it follows from Eq. (8) that the critical Casimir force may already become significant near T c,in .
The possible emergence of repulsive Casimir forces as a driving force for the expansion of the micro-phase separated polymer coil is illustrated by Fig. 11 (III) . The solvent inside the polymer chain is separated into two parts, one is a nitroethane-rich good solvent, and the other is an isooctane-rich poor solvent.
Therefore, we can regard the coil as containing two surfaces, polymer friendly (nitroethane-rich bulk) and polymer unfriendly (isooctane-rich droplet inside the coil), with a polymer-segment near-critical solution between them. This configuration corresponds to asymmetric boundary conditions that could generate repulsive critical Casimir forces. This repulsive force would overcome elastic energy of the polymer chain and make it expand.
V. CONCLUSIONS
While upon approaching the critical point the initial collapse of the polymer chain can be explained by the theory of Brochard and de Gennes 26 , the subsequent reswelling and expansion of the hydrodynamic radius well beyond its original value cannot be explained by this theory. We submit that this new observed phenomenon is a consequence of the fact that the system inside the polymer coil passes through its critical temperature, while the bulk solution is still in the one-phase region. The micro-phase separation may generate a repulsive critical Casimir force inside the coil thus making it to expand. 
